Nucleus-encoded plastid-targeted proteins of photosynthetic organisms are generally equipped with an N-terminal presequence required for crossing the plastid membranes. The acquisition of these presequences played a fundamental role in the establishment of plastids. Here, we report a unique case of two non-homologous proteins possessing completely identical presequences consisting of a bipartite plastid-targeting signal in the coccolithophore Emiliania huxleyi. We further show that this presequence is highly conserved in five additional proteins that did not originally function in plastids, representing de novo plastid acquisitions. These are among the most recent cases of presequence spreading from gene to gene and shed light on important evolutionary processes that have been usually erased by the ancient history of plastid evolution. We propose a mechanism of acquisition involving genomic duplications and gene replacement through nonhomologous recombination that may have played a more general role for equipping proteins with targeting information.
Plastids, for example, chloroplasts, are the photosynthetic organelles of plants and algae, which are products of endosymbioses where once free-living organisms became fully integrated to the host eukaryotic cells (Archibald 2009 ). This integration resulted in thousands of endosymbiotic genes that transferred to the host nucleus, the bulk of which encode proteins that are targeted back across multiple membranes to service a fully functional plastid (Bock and Timmis 2008) . The crossing of these plastid membranes requires that the nucleus-encoded plastidtargeted proteins are equipped with an N-terminal sequence preceding the mature protein and recognized by a dedicated import apparatus (Bolte et al. 2009 ). These presequences are composed of a transit peptide (TP) or, in the case of secondarily-derived plastids, more complex bipartite presequences consisting of an endoplasmic reticulum (ER)-targeting signal peptide (SP) followed by a TP (Patron and Waller 2007) . It is thought that the acquisitions of these presequences played a crucial role in the course of integration that transformed endosymbionts to plastids and therefore constitutes an essential factor in the spread of photosynthesis across the eukaryotic tree of life.
How proteins acquire targeting presequences following endosymbiotic gene transfers (EGTs) remains poorly understood. Mitochondria represent a similar case since they derive from an alpha-proteobacteria that also lost or transferred most genes to the host nucleus following endosymbiosis (Gray 1999) . These nucleus-encoded mitochondrion-targeted proteins have been extensively studied in flowering plants, and numerous examples exist of random integrations into preexisting genes already preceded by the targeting information, exon shuffling, de novo formation of presequences, or regions within the mature protein that act as transport signals (Adams et al. 2000; Adams et al. 2002; Choi et al. 2006; Liu et al. 2009b ). The situation in algae with secondary plastids is more obscure and putative semi-exon or exon shuffling has been suggested only in a few species (Waller et al. 1998; van Dooren et al. 2002; Kilian and Kroth 2004; Vesteg et al. 2010 ). Generally, the low level of conservation among plastid-targeting presequences, with TP in particular lacking sequence similarity even among closely related species, has prevented the study of their origins. Only two examples of bipartite presequences sharing detectable sequence identity have been documented in euglenids, but the mechanisms of acquisition could not be deduced (Durnford and Gray 2006) .
Fructose bisphosphate aldolases (FBAs) are nucleusencoded metabolic enzymes functioning in the cytosol and plastids where they are involved in glycolysis and carbon fixation, respectively (Flechner et al. 1999) . They exist in two non-homologous but functionally equivalent forms referred to as FBA class I and class II (henceforth FBA I and FBA II), with no sequence similarity and different catalytic mechanisms (Marsh and Lebherz 1992) as well as a complex evolutionary history (Patron et al. 2004) . Algae harboring secondary plastids, such as diatoms or coccolithophorids, generally possess two copies of both classes, with cytosolic and plastid-targeted copies of each (Allen et al. 2011 ). In the coccolithophore Emiliania huxleyi, one of the most abundant photosynthetic unicellular eukaryotes in the oceans (Liu et al. 2009a) , the distribution of FBA proteins does not fit with the expected pattern. The genome of E. huxleyi encodes four FBA I, three of which were predicted to be targeted to the plastid based on the presence of an N-terminal bipartite presequence ( fig. 1A ; supplementary fig. S1 and table S1, Supplementary Material online). This presequence consisted of a canonical SP followed by a hydrophilic region predicted to be a TP (see supplementary material, Supplementary Material online). Unexpectedly, however, phylogenetic analysis indicated that the single cytosolic copy (#308857) was strongly placed within an otherwise clearly plastid-targeted clade, whereas two plastid paralogs (#121249 and #632013) belonged to a clade inferred to be cytosolic (supplementary fig. S1 , Supplementary Material online).
Most interestingly, the #121249 plastidic FBA I is encoded immediately downstream of a plastid-targeted FBA II (# 460101 on scaffold 826), and the presequences of both proteins share 100% identity ( fig. 1A) . Another plastid-targeted FBA I (#632013 on scaffold 43) was found to be nearly identical to the #121249 copy (99.8% nucleotide similarity in the coding region). Strikingly, the upstream untranslated region of the fbaI (#632013) gene shared 97% identity (over 280 bp) to that of fbaII (#460101), whereas the downstream untranslated region (350 bp) was conserved between the two fbaI genes (#632013 and #121249) ( fig. 1B) . One possible explanation for these observations is that an FBA I copy (#121249) functioning in the cytosol of E. huxleyi acquired a plastid-targeting presequence by replacing a tandemly duplicated fbaII gene ( fig. 1C ). This fbaII (#460101) -fbaI (#121249) arrangement on scaffold 826 may have further duplicated to scaffold 43, followed by an intramolecular recombination between their presequences that led to the loss of the fbaII gene on scaffold 43 (fig. 1C) .
This model does not explain why recombination between two non-homologous fba genes would take place, and indeed the situation is more complex, because BLASTP searches against the E. huxleyi genome revealed homologous leader sequences preceding five additional unrelated proteins ( fig. 1A) . To confirm that these proteins (and the FBAs) were not assembly artifacts, we generated new cDNA sequences allowing us to refine the JGI gene models (the sequences were deposited in GenBank: JQ088180, 088184, 088186, and 088187). Two proteins corresponded to pyruvate kinases (PKs) and two were cytochrome c peroxidases (CcPs); we were unable to obtain cDNA for the last hit, MBE which was a hypothetical protein with similarity to NIPAlike proteins. In addition, we identified one cDNA that encoded only this presequence (pre-only in fig. 1A ), which was followed by a stop codon, 291 nucleotides of untranslated region, and a poly-A tail. Surprisingly, none of these additional proteins are classically targeted to the plastid or were inferred to belong to a plastid-targeted clade (phylogenies not shown). An intron was present close to the junction between the presequence and inferred mature protein (ranging from 8 nucleotides in PK to 182 nucleotides in CcP) in all cases except the gene encoding only the presequence ( fig. 2) . Moreover, six amino acids directly downstream of the highly conserved putative TP region were identical between FBA I and II and the two copies of PK ( fig. 1A ), corresponding to a GC-rich stretch that forms the splice sites in pk (AGCGCCGG*CGGCGGCGCC). Similarly, nearly complete identity (51/53 nucleotides) was observed between nipa-like and ccp directly downstream of the conserved presequence, and a splice site is present in nipa-like at the end of this sequence ( fig. 2) . Even though the mechanism of presequence acquisition in these additional cases cannot be completely assessed, the presence of introns suggests that exon or semi-exon shuffling might be involved. To determine if this process is genome wide or instead associated with this presequence specifically, we identified 105 additional putative plastid-targeted proteins and searched for homologs of their presequences in other regions of the genome. In no other case could homologous presequences be identified in non-homologous proteins, suggesting that this particular presequence is the only one that has engaged in such a spread, at least so recently that it can be detected.
These remarkable cases of presequence conservation and acquisition in several unrelated proteins have a number of implications for plastid evolution in E. huxleyi. Most obviously, the spread of this presequence has introduced a number of new proteins to the plastid, which makes these events quite different from previously described examples of presequence acquisition where proteins are backtargeting to their original compartment following EGTs (Adams et al. 2000; Liu et al. 2009b) . Here, presequence acquisitions represent de novo acquisitions of new functions by the plastid. We postulate that the presequence originated with FBA II (#460101), since this is the only protein that could be traced back to an endosymbiotic origin (supplementary fig. S2 and table S2, Supplementary Material online). In contrast, the function of NIPA-like proteins is unknown and CcP is usually imported into mitochondria where it catalyzes the reduction of hydrogen peroxide (Daum et al. 1982) . Two canonical mitochondrial Nucleotides in blue show the highly conserved region among all these genes, and red nucleotides represent the conserved region among the fba genes and pk genes. Nucleotides in green represent the conserved region between the ccp genes and nipa-like. *Indicates the first splice site in pk and nipa-like. The scale bar indicates the length of the proteins in amino acid.
Plastid-Targeting Sequence Conservation in E. huxleyi · doi:10.1093/molbev/mss103 MBE CcP copies are also present in E. huxleyi (JGI accessions 68109 and 438123) in addition to the two plastid-targeted copies, but the function of the plastid copies is unclear. PK is involved in the glycolytic pathway in the cytosol (Mertens 1993; Liapounova et al. 2006 ), but in E. huxleyi, PK has previously been noted not to localize to cytoplasm, but rather to the plastid (Tsuji et al. 2009 ). Interestingly, three additional enzymes functioning in the same pathway, namely phosphoglycerate mutase, enolase, and pyruvate carboxylase, were also predicted to have a bipartite plastid targeting signal in E. huxleyi (Tsuji et al. 2009 ).
The degree of sequence conservation between the presequences described here has no precedent, and the lack of comparable cases in other eukaryotes, or even within E. huxleyi, might suggest that this particular sequence possesses properties unlike other presequences, for example, mobility (a possibility also hinted at by the presence of an expressed mRNA encoding only the presequence). Alternatively, the presequence might be under unusual selective pressure, in which case it might have moved by transposition and illegitimate recombination, but in either case, it gives a unique view into how protein targeting can spread and how plastids can acquire novel functions rather rapidly.
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